Seed predators are typically easy to test, rear, release and establish and can be particularly useful when targeting invaders that also provide benefits to some parts of the community. However, seed predation rates are generally considered too low to cause significant population regulation of invasive plants. They may, however, impact on invasion rates (here defined as the combined effects of spread and infill), although this has proved difficult to demonstrate. In this paper, we use a cellular automaton model to test whether the effect of seed predation on the regulation of existing populations is influenced by the seed dispersal mechanism and how the addition of a seed predator to an existing population affects invasion rates. We found that population regulation occurs at significantly lower seed predation rates for poor dispersers as compared with good dispersers (existing models commonly assume random dispersal) and that seed predation impacts on invasion rate at predation rates that are commonly observed in the field. Further analysis is required to test how robust these conclusions are for different plant parameters, for a range of dispersal mechanisms (including long-distance dispersal) and in heterogeneous landscapes.
Introduction
Seed predators have a mixed record in weed biological control. They are typically easy to test, rear, release and establish and can be particularly useful when targeting beneficial plants. However, population modelling and field observations suggest that seed predation rates need to be very high to regulate plant populations, typically in the order of 90-99% seed mortality (Myers and Risling, 2000; Sheppard et al., 2002; Buckley et al., 2005) , as invasive plants are normally microsite-limited (Crawley, 1992) . Some biological control agents do cause sufficient seed mortality to regulate populations (Louda and Potvin, 1995; Hoffmann and Moran, 1998) , but most biological control agents probably do not (Crawley, 1992; R.D. van Klinken, unpublished data) .
Seed predators may, however, impact on invasive plant populations in ways other than population regulation per se (van Klinken et al., 2004) . Of those, reduced invasion rate (defined here as the combined effects of spread and infill) is likely to offer the most substantial benefits for management. Invading populations may be seed-limited rather than microsite-limited along their invading front and may therefore be most sensitive to reductions in viable seed through seed predation or other mechanisms. If biological control agents can or do reduce invasion rates, then it is important to demonstrate such benefits. However, it is difficult to do so empirically, and to our knowledge, this has not been done. However, modelling provides opportunities for testing the likely sensitivity of invasion rates to seed predation under a range of circumstances.
A range of mathematical modelling approaches have been used to test the relationship between fecundity and spread speed (Buckley et al., 2005; Hastings et al., 2005) . However, modelling approaches used so far are not well-suited to exploring the spatial effects of demographic change and landscape heterogeneity on plant invasion (With, 2002) . We therefore developed a cellular automaton model to explore the interactions amongst dispersal mechanism, seed predation and invasion. We present early results of this work, which tests (1) whether seed dispersal mechanisms influence the way populations are regulated by seed predators and (2) what effect adding a seed predator to an existing population has on invasion rates.
We restrict our discussion to seed predators. However, results and conclusions are equally applicable to factors that might limit seed production, including a wide range of biological control agents that attack immature reproductive organs or stress plants.
Methods

Model design
The model is based on a cellular automaton model of plant populations (Colasanti et al., 2007) . Cellular automaton models are spatial models that treat time and space in discrete elements. In our model, an iteration, which represents a single growing year, comprises plant establishment and survival, seed production and seed dispersal. Each cell of the cellular automaton can contain a single plant, which has an individual age and can produce a number of individual seeds. At maturity, a plant can produce seed but is subject to a death rate that is proportional to its age, with a probability of death of 95% after 20 years. Plant parameters were set to model a simplified perennial woody shrub (Table 1) .
Seed dispersal between grid cells was modelled using a random-walk algorithm, which results in a normally distributed dispersal kernel. A proportion of seeds within each cell 'fall' to the ground, and the remainder are randomly distributed between the cell and its immediate neighbours. This algorithm is applied to each cell A comparison of the effect of adding seed predators to an existing 40 ´ 40-grid cell population (maximum population size = 1600 adults), assuming (a) good dispersal (after 25 years) and (b) poor dispersal (after 50 years) (average ± SE). Data shows the number of adults in the source area and the total adult population after 25 and 50 years of seed predation, respectively. and repeated until there are no more seeds to distribute. The fall rate was set to 10% to model a good disperser and 90% for a poor disperser. The effect of seed predation was modelled for an established population that occupied a 40 ´ 40-cell grid block in the centre of a 160 ´ 160-cell matrix. The number of plants that occurred within the established block was counted separately from those plants that were outside this block. This was done at the end of a fixed number of iterations (years), 25 for the good disperser and 50 for the poor disperser; the former had a much greater rate of spread and was thus stopped sooner. Predispersal seed predation was simulated by reducing the number of seeds produced by the plant from a maximum of 1024 to a minimum of 2 seeds using an exponential series (1024, 512, 256…2). The experiments for each level of seed predation (0-99%) were repeated 20 times, and the average values and standard deviations were calculated.
Results and discussion
Effect of seed predation on population regulation
When seed dispersal approached random, seed predation needed to be at least 90% before it began having a significant impact on plant density within the established 40 ´ 40-grid cell population (Fig. 1a) . This threshold is sensitive to model parameters, including seed production per plant per year (here set at 1024 seeds). However, a threshold of 90% or greater is a common conclusion for population modelling.
Our model showed that seed dispersal mechanisms can affect the way in which even relatively small populations are regulated. Where dispersal was poor, less seed predation is required to have an impact on plant population density (Fig. 1b) . Poor seed dispersal results in seeds being aggregated under and adjacent to parent trees, thereby producing a more heterogeneous response to seed predation across the site.
Effect of seed predation on invasion rate
Invasion rate in our model was restricted by the surface area of the invasion front, as there were no long-distance dispersal events. It was also delayed because plants took 5 years to reach maturity. As would be expected, invasion rate was much faster for a good The effect of seed predation on invasion rate (as a proportion of the total number of trees present outside the source population in the absence of seed predation) assuming good and poor dispersal. disperser (Fig. 1a) , with the adult population increasing fivefold after only 25 years compared with only a 1.8-fold increase after 50 years for a poor disperser (Fig.  1b) , in the absence of seed predation. Seed predation had an immediate effect on invasion rate (as a proportion of invading trees in the absence of seed predation), with substantial reductions occurring at seed predation rates well below that required to affect population regulation (Fig. 1) . The effect was, however, proportionally greatest when dispersal was poor (Fig. 2) .
Other factors that might be important
Our model is currently very simplistic and begs the question of how conclusions will differ with different plant parameters, dispersal mechanisms and landscape structure. Other models have already partially explored the effect of demographic parameters on invasion rates and found the system to be relative insensitive to realistic variation in some plant parameters, including adult longevity and time to reproduction (Buckley et al., 2005) . Our results show that dispersal mechanisms can clearly interact with the way seed predation affects both population regulation and invasion rates. The next step will be to test the effect of rare to frequent long-distance dispersal events. Landscape heterogeneity is also likely to be important, through its effect on recruitment probabilities (Buckley et al., 2005) , seed production (Paynter et al., 1996) and dispersal probabilities. Other likely moderating factors include Allee effects (which result in seed production increasing with adult density), density dependence of seed predators and seed predators attacking seeds before and/or after seed dispersal.
Implications for biological control
Our results suggest that the seed predation rates required to regulate plant populations may not need to be as high as previously thought but that it will vary with seed dispersal mechanism. However, the required seed predation rates may still be too high for most species of seed predators to realistically achieve (R.D. van Klinken, unpublished data).
In contrast, invasion rates are much more sensitive to seed reductions. Sensitivities will depend on dispersal mechanisms and landscape heterogeneity. However, our results suggest that even commonly observed seed predation rates may be sufficient to result in significantly reduced invasion rates.
The likelihood that even relatively low seed predation rates can reduce invasion rates supports the suggested practice of releasing seed predators as early as possible in the invasion process, including at the time of introduction of new agroforestry species (Zimmermann and Neser, 1999) . However, further work is still required to simulate the effect of seed predation for specific species and landscapes.
